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Abstract: Mucolipidosis type II (MLII) is a rare lysosomal storage disorder caused by defective
trafficking of lysosomal enzymes. Severe skeletal manifestations are a hallmark of the disease
including hip dysplasia. This study aims to describe hip morphology and the natural course of
hip pathologies in MLII by systematic evaluation of plain radiographs, ultrasounds and magnetic
resonance imaging (MRI). An international two-centered study was performed by retrospective
chart review. All MLII patients with at least one pelvic radiograph were included. A total of 16
patients were followed over a mean of 3.5 years (range 0.2–10.7 years). Typical age-dependent
radiographic signs identified were femoral cloaking (7/16), rickets/hyperparathyroidism-like changes
(6/16) and constrictions of the supra-acetabular part of the os ilium (16/16) and the femoral neck (7/16).
The course of acetabular and migration indexes (AI, MI) significantly increased in female patients.
However, in the overall group, there was no relevant progression of acetabular dysplasia with a
mean AI of 23.0 (range 5◦–41◦) and 23.7◦ (range 5◦–40◦) at the first and last assessments, respectively.
Better knowledge on hip morphology in MLII could lead to earlier diagnosis, improved clinical
management and enables assessment of effects of upcoming therapies on the skeletal system.
Keywords: mucolipidosis type II; MLII; ML intermediate; I-cell disease; hip; hip dysplasia; hip
dislocation; cloaking; femoral bowing; ultrasound
1. Introduction
Mucolipidosis type II and III (MLII/MLIII) are rare lysosomal storage disorders caused by
a deficiency of N-acetylglucosamine-(GlcNAc) 1-phosphotransferase. This enzyme catalyzes the
first step of tagging lysosomal enzymes with mannose 6-phosphate (M6P) recognition markers for
their receptor-mediated transport to the lysosomes [1]. Hence, in MLII and III, absent or reduced
GlcNAc-1-phosphotransferase activity causes defective trafficking of multiple lysosomal enzymes
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and consecutive accumulation of non-degraded macromolecules in dysfunctional lysosomes [2].
Mutations in the GNPTAB gene coding for the α/β-subunit of GlcNAc-1-phosphotransferase are
causing MLII (MIM #252500) or ML III alpha/beta (MIM #252600), whereas ML III gamma (MIM
#252505) is originating from a defective GlcNAc-1-phosphotransferase γ-subunit due to mutations in
the GNPTG gene [3–5]. MLIII alpha/beta patients are presenting an attenuated phenotype of MLII [6].
With predominant skeletal symptoms, they are overall less affected. Individuals with a phenotype
between MLII and MLIII are referred to as ML intermediate [7–9].
MLII was first described by Leroy and Demars in 1967 as I-cell disease [10]. The term
“mucolipidosis” was introduced in 1970 by Spranger and Wiedemann to describe several conditions
with features both of mucopolysaccharidoses (MPS) and sphingolipidoses [11]. MLII is a progressive
multi-organ disease usually with prenatal clinical onset and fatal outcome within the first decade
of life due to cardiopulmonary complications [2]. Clinical features of MLII patients such as
craniofacial dysmorphia, progressive cardiac dysfunction, hepatosplenomegaly, skeletal deformities
and neurocognitive retardation resemble Hurler syndrome (MPS IH) [12,13]. Among other symptoms,
orthopedic pathologies are present at birth and may include thoracic deformity, kyphosis, deformed
long bones, dislocated hips, clubfeet and joint contractures [6,9]. Patients with MLII present distinct
radiographic patterns at different age periods. Vertebral body rounding, sacrococcygeal sclerosis,
talocalcaneal stippling, periosteal cloaking, rickets/ hyperparathyroidism-like changes are found in
infants [14]. These signs then convert into radiographic features also known in MPS patients and
referred to as dysostosis multiplex. They involve an abnormal J-shaped sella turcica, paddle shaped
ribs, anterior inferior beaking of vertebral bodies, flared iliac wings and hip dysplasia [6,14].
Hip pathologies, specifically acetabular dysplasia and hip dislocation, have been described in
MLII before [7,9], but a detailed report of hip morphology and an investigation of the natural course of
hip pathologies have not been performed so far. Better knowledge on the characteristic changes in MLII
hips might enable earlier diagnosis of the disease and improve clinical management of MLII patients
including prevention of false hip dysplasia treatment decisions. Furthermore, taking into account
that MLII is yet untreatable, information on the natural course of the disease is particularly important
to be able to assess effects of experimental and potentially upcoming therapies (e.g., hematopoietic
stem cell therapy, anti-inflammatory drugs, gene therapy) on the skeletal system. This study aims to
improve understanding of hip morphology and the natural course of hip joint development in patients
with MLII by a systematic evaluation of plain radiographs, hip ultrasounds and magnetic resonance
imaging (MRI).
2. Materials and Methods
2.1. Patients
This international two-centered study was performed by retrospective chart review of MLII
patients and carried out at the interdisciplinary outpatient clinic of the International Center for
Lysosomal Disorders in Hamburg, Germany and the Center for Lysosomal and Metabolic Diseases
of the Erasmus University Medical Center, Rotterdam, The Netherlands. Inclusion criteria were
clinically and biochemically and/or molecular genetically confirmed diagnosis of MLII and at least
one radiograph of the pelvis. As some patients presented a less severe phenotype than expected in
classical MLII they were referred to as ML intermediate. Patients with ML intermediate still manifest
severe multi-systemic symptoms. Therefore, they are here included among MLII patients. Patients
with clinically and biochemically and/or molecular genetically confirmed diagnosis of MLIII were
excluded from the study.
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2.2. Imaging
2.2.1. Radiography
Plain radiographs were digitally transferred and evaluated by one experienced pediatric orthopedic
surgeon using Centricity PACS Universal Viewer (Version 5.0, GE Healthcare, Little Chalfont,
United Kingdom). Radiographic evaluations were performed on supine anteroposterior (AP) pelvic
radiographs. Hip morphology was analyzed quantitatively by: the acetabular index (AI) as described
by Tönnis, the Reimer’s migration index (MI), the femoral neck-shaft angle and the Shenton’s line
(Figure 1) [15–17]. The AI is formed by a horizontal line connecting both tri-radiate cartilages
(Hilgenreiner line) and a second line, which extends along the acetabular roofs (Figure 1). The AI is
age-, sex- and side-dependent and should become progressively shallower with age. Hip dysplasia
was defined by the AI in correlation with reference data by Novais et al. [18]. The MI is the ratio of the
uncovered femoral head part to the total femoral head width [16]. Therefore, it describes a relation
between acetabular coverage and positioning of the femoral head. The reference range of a healthy
population is 17–26% [19]. The anatomy of the femoral neck was described by the femoral neck-shaft
angle. It was classified as physiological (angle within reference range) or as varus (angle below
reference range) or valgus (angle above reference range) deformity [15]. The Shenton’s line was drawn
as a curved line along the inferior border of the superior pubic ramus and the medial border of the
femoral neck and subsequently classified as continuous or disrupted [20]. The following radiological
findings were assessed qualitatively: rickets/hyperparathyroidism-like changes (subperiosteal or
intracortical bone resorption with areas of cystic lucency and osteopenia), cloaking of the femur,
femoral bowing, irregularities of the metaphysis or of the epiphysis of the proximal femur (flattening
of the epiphysis, pathological ossification), the shape of the femoral neck and the configuration of the
os ilium (constriction of the supra-acetabular portion of the pelvis, flared iliac wings). Patients without
an ossified nucleus of the epiphysis were excluded from MI and femoral head assessments.
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dysplasia. In the Netherlands, postnatal hip ultrasound is performed only in cases of clinical suspicion
of hip dysplasia. Ultrasounds were performed with linear probes of 5.0 or 7.5 Megahertz (MHz). Hip
dysplasia was classified according to Graf [21]. Original ultrasound images and their initial reports
were reviewed.
2.2.3. MRI
MRI images were used to analyze the position of the head of the femur in relation to the acetabular
roof. It was defined as centered (maintained contact of the femoral head to the medial acetabular
roof), lateralized (no medial contact of the femoral head with the acetabulum, but still a position below
the acetabular roof) or dislocated (no acetabular coverage of the femoral head). The cartilage anlage
of the acetabulum was described qualitatively. The rate of effusion was documented. Two different
imaging systems were used: 1.5 T Avanto (Siemens AG Healthcare, Erlangen, Germany) and 3.0 T
Philips Ingenia (Philips, Eindhoven, The Netherlands).
2.3. Statistics
Individual data was collected on both body sides and over time, thus introducing a cluster
structure. We therefore used linear mixed models to model outcome variables with random intercepts
and random slopes for patients. Time was treated as a continuous variable. To allow for deviations
from linear time course polynomial spline trends were considered and interactions between time and
sex, body side and ML type were initially included in the models. These models were simplified by
removing insignificant interactions based on Likelihood Ratio tests (LRT) at a 5% level of significance.
Estimated marginal means from final models were reported. All analyses were performed using the
lmerTest-package in R 3.6.1 (R Core Team, Vienna, Austria) [22].
2.4. Ethics
A retrospective chart analysis of data acquired during routine visits was conducted in all study
patients. Data was anonymized before analysis. Therefore, the need of ethic approval was waived.
3. Results
3.1. Patients
A total of 16 MLII patients were enrolled in the study (Table 1). Sex distribution was slightly
imbalanced with nine males (56%) and seven females (44%). Eight patients had died by the time of
chart review with a mean age of 6 years at death (range 0.3–11.8 years, SD 4.1). The mean age of
patients alive at the last assessment (n = 8) was 3.8 years (range 0.7–11.2 years, SD 3.8). As four of the
16 patients presented a less severe phenotype than expected in classical MLII despite the presence of
severe GNPTAB gene mutations in some of them, they were referred to as ML intermediate.
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Table 1. Patient characteristics.












Age at First MRI
(Years)
1 (F) c.1001G>A/c.1001G>A MLII N/A 0.9 2.3 11.2 N/A
2 (F) c.1337G>A/c.3098T>C MLII 8.7 2.2 3.2 0.1 N/A
3 (F) c.3335+1G>A/c.3335+1G>A MLII N/A 0.0 0.7 0.3 0.6
4 (M) c.3503_3504del/c.1052dup MLII N/A 0.8 2.8 9.1 N/A
5 (M) Unknown MLII 9.4 0.0 5.1 1.6 0.2
6 (F) Unknown MLII 3.4 0.0 2.7 0.2 N/A
7 (M) c.3503_3504del/c.3503_3504del MLII N/A 0.1 0.8 0.6 N/A
8 (M) c.516dup/c.516dup MLII 8.0 0.0 7.9 N/A N/A
9 (M) c.3503_3504del/c.3503_3504del MLII N/A 1.2 N/A N/A N/A
10 (M) c.1090C>T/c.3091C>T MLII 4.7 0.2 4.4 2.8 N/A
11 # (M) c.3503_3504del/c.3503_3504del MLII 0.3 0.0 0.2 N/A N/A
12 # (F) c.3503_3504del/c.3503_3504del MLII 1.3 0.0 1.3 N/A N/A
13 (F) c.10A>C/c.10A>C ML intermediate N/A 3.3 8.0 N/A N/A
14 (M) Unknown ML intermediate N/A 0.8 3.2 0.0 N/A
15 (M) c.10A>C/c.2502del ML intermediate 11.8 2.2 10.0 N/A 6.7
16 (M) c.344_345del/c.1022del ML intermediate N/A 0.5 11.2 0.9 N/A
F, female; M, male; N/A, not applicable; ML, mucolipidosis; MRI, magnetic resonance imaging; n, patient number; #, siblings.
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3.2. Imaging
3.2.1. Radiography
Supine AP pelvic radiographs were performed in all patients. Fifteen patients had serial
radiographs, adding up to 54 radiographs (108 hips) in 16 patients. In mean, radiographic assessment
was done 3.4 times per patient (range 1–9 times, SD 2.1). The mean radiological follow-up time was 3.5
years (range 0.15–10.7 years, SD 3.2). The mean age at the first radiological assessment was 0.8 years
(range 0–3.3 years, SD 1.0) and 4.7 years (range 0–11.2 years, SD 3.5) at the last assessment.
3.2.2. Quantitative Assessment of Radiographs
Overall, the mean AI at the first radiographic assessment was 23.0◦ (range 5◦–41◦, SD 8.7). At the
first evaluation, 10/32 hips (6 patients, female:male 3:3, bilateral:unilateral 4:2) and, at last evaluation,
12/30 hips (seven patients, female:male 4:3, bilateral:unilateral 5:2) were classified as dysplastic. The AI
remained stable with a mean AI of 23.7◦ (range 5–40, SD 10.4) at the last radiographic evaluation.
Nevertheless, the course of AI (p = 0.016) and MI (p = 0.036) measurements differed significantly
between sexes. (Figures 2 and 3). Single AI values increased significantly in female patients from 4
years of age onwards. The mean MI at the first evaluation was 41.8% (range 0–100%, SD 30.8) and
increased to up to 61.9% (range 25.3–91.2%, SD 19.6) at the last assessment. There was no significant
difference between right and left hips concerning AI and MI measurements. Shenton’s line was
disrupted in 8/32 hips at first and in 7/30 hips at the last assessment. None of the patients presented
with a high dislocation of the femoral head (Figure 4).
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Figure 2. Estimated marginal means from final linear mixed model using spline functions for age.
Trajectories differ significantly between sexes. (A) Acetabular index (AI) (LRT p = 0.016); (B) Migration
index (MI) (LRT p = 0.036).
The mean femoral neck-shaft angle at the first assessment was 146◦ with a great variability
between individuals (range 102◦–176◦, SD 16.7). However, measurements remained nearly stable over
time (mean 151◦, range 120◦–189◦, SD 16.9). The distribution of all femoral neck angles was as follows:
6% physiological, 28% varus and 66% valgus.
No difference between MLII and ML intermediate was found concerning AI, MI or femoral
neck-shaft angle measurements.
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3.2.3. Qualitative Assessment of Radiographs
The qualitative radiologic assessment of hip morphology revealed the following frequent radiologic
findings: rickets/hyperparathyroidism-like changes, periosteal cloaking, femoral bowing, widening
of the growth plate of the proximal femur, osteonecrosis–like changes of the femoral head, flared
iliac wings, constrictions of the supra-acetabular part of the os ilium and the femoral neck (Figure 5).
Radiographic assessments in the first year of life existed in 12 patients and documented femoral
cloaking in seven in 12 patients and rickets/hyperparathyroidism-like changes at the pelvis in six in 12
patients, both at a mean age of 0.26 months (range 0.1–0.7 months, SD 0.02). As temporary pathologies,
femoral cloaking and rickets/hyperparathyroidism-like changes were no longer seen on radiographs
after a mean of 8.9 months and 6.8 months, respectively. One patient had a spontaneous fracture of
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the proximal femur on the left side, which was diagnosed 8 days after birth. Femoral bowing was
found in six in 16 patients at first evaluation and did not vanish over time. Moreover, it appeared in 3
more patients during growth (nine in 15). The development of the proximal femoral metaphysis was
abnormal (irregularities in ossification, cupping or fraying) in nine in 16 patients at the first assessment.
Metaphyseal changes appeared in three more patients during follow-ups and persisted in all affected
patients (12/15) until the last assessment. A radio-transparent transverse metaphyseal band as a sign
for osteolysis was seen in one female patient at 3 weeks of age. It was no longer seen on the following
radiograph at 9.6 months of age.J. Clin. Med. 2020, 9, x FOR PEER REVIEW 8 of 13 
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The shape of the proximal epiphysis of the femur was asymmetrical with medial flattening of the
femoral head in four in 13 patients at the first assessment. Deformation of the medial epiphysis increased
over time: at the last radiological assessment, nine in 14 patients showed bilateral alterations of the
shape of the femoral head. Among these patients, four in nine developed bilateral osteonecrosis-like
disturbances of the femoral head. The os ilium was shaped abnormally in all patients at the last
assessment with flaring of the iliac wings and constriction of the supra-acetabular portion. Bilateral
constrictions of the femoral neck were seen in seven in 16 patients at the last assessment.
3.2.4. Ultrasound
Ultrasound of the hips was performed in 10 patients (eight MLII, two ML intermediate, 20 hips),
of whom five had serial ultrasound examinations (mean 1.8 times, range 1–5 times, SD 1.2), adding up
to 19 ultrasounds.
The mean age at the first ultrasound was 3.3 months (range 0.03–11.2 months, SD 3.6). Original
ultrasound images with corresponding written reports were available for all patients. According to
ultrasound reports, Graf’s classification distribution was as follows: IA: 25%, IB: 20%, IIA: 5%, IIB: 5%,
IIC: 5%, IIIA: 20%, IIIB: 0%, IV: 20%. Hence, apparently, 10/20 were physiological, two in 20 critical
and eight in 20 dislocated hips. A review of the original ultrasound images proved difficulties in
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anatomical interpretation; an overriding greater trochanter was interpreted incorrectly as a lateralized
femoral head in four in 10 patients. In those four patients, dislocation of the hip joint was revised and
excluded during the first 4 months of life by radiography (n = 2) or MRI (n = 2) (Figure 6). After all,
only one hip joint was dislocated (Graf type IIIA) in the first month of life. Four patients were treated
with an abduction-flexion hip orthosis, of whom two patients were falsely treated with an orthosis,
because of misinterpretation of hip ultrasound.
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Figure 6. ip orphology in a fe ale LII patient (n 3). ( ) ltrasound of the right hip at 1 eek of
age ith an overriding greater trochanter; T, greater trochanter; F, head of the fe ur; B , bony
acetabulu . ( ) Plain radiograph of the pelvis at 8 months of age presenting flared iliac wings, femoral
bowing, an increased acetabular index, but a continuous Shenton’s line. (C,D) Magnetic resonance
imaging (MRI) of the pelvis at 8 months of age, T2 weighted, in coronar and transverse views showing
centered hip joints.
3.2.5. RI
RI scans of the hips were perfor ed in three patients (two LII, one L inter ediate), of
who one had serial RI exa inations, adding up to four RI scans. The ean age at the first RI
as 4.7 years (range 0.2–11.3 years, SD 5.31). At the first assess ent, four in six hips ere centered,
two in six hips were lateralized, and none was dislocated. The patient with serial RI scans showed
no progression of primarily lateralized hips during 4.6 years of follow-up. There was no effusion in the
hip joints. Sagittal planes existed for one female ML intermediate patient at 6.7 years of age showing a
widening of the tri-radiate cartilage (Figure 7). In coronal planes, MRI displayed variable proportions
of the lateral cartilaginous and labral coverage of the femoral head.
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4. Discussion
The present study is the first report to describe hip morphology in MLII patients by a systematic
evaluation of radiographs, hip ultrasounds and MRI scans. MLII was originally described as a Hurler
variant and is often initially misdiagnosed as MPS IH [11]. The following radiological aspects are
characteristic for MLII and can help to distinguish MLII from MPS: (1) typical bony changes in infancy:
femoral cloaking and rickets/hyperparathyroidism-like changes; (2) acetabular dysplasia with a rather
short than steep acetabular coverage; (3) constriction of the supra-acetabular part of the os ilium; and
(4) constriction of the femoral neck.
Study patients were clinically subdivided in MLII and ML intermediate. Concerning hip
morphology and progression of hip disease the two phenotypes showed no relevant differences.
This result supports the decision to present MLII and ML intermediate patients as one group in this
study. However, it might be biased by a limited follow-up time, considering that 50% of the patients
are still alive at the time of chart review.
In the present study the rates of rickets/hyperparathyroidism-like changes and femoral cloaking
in the first year of life were 50% and 58%, respectively. Lai et al. tracked 19 MLII patients from birth up
to 2.5 years of age and found rickets/hyperparathyroidism-like changes in 33% and periosteal cloaking
in 74% of the patients [14]. The age of disappearance ranged from 5 to 10 months. This observation
also roughly equals up with the results of the present study, in which rickets/hyperparathyroidism-like
changes and cloaking disappeared between 5 and 14 months of age.
Frequently described hip pathologies in MLII patients are dysplasia and dislocation, however,
the current literature lacks exact pathological differentiation and classification [6,23–26]. Ocada et al.
documented congenital dislocation of hip joints in 10/14 Japanese MLII patients without mentioning,
how dislocation was diagnosed or whether both sides were affected [25]. It is known that the overall
rate of hip dislocations in Japan is higher than in Western countries due to the Japanese tradition of
swaddling [27]. This fact could lead to a higher rate of dislocated hips in MLII patients in Japan. It has
been unclear, whether congenital hip dislocations in MLII patients are primarily congenital or occur as
secondary pathologies, for example, due to impaired growth of the acetabulum, joint contractures or
muscular hypotonia. In Germany, hip ultrasound is routinely performed as part of regular medical
assessments in newborns. Hence, neonate hip ultrasounds were frequently done in patients of this
study. Interestingly, hip ultrasound images could not confirm a high rate of congenital hip pathologies.
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In healthy newborns, acetabular measurements often show sex differences with primarily higher
AI values in females than in males. During growth, sex differences usually even out leading to
a physiological AI decline [18]. In MLII, this decline is missing, which results in a significant sex
difference concerning the course of MI and AI values. The reason for this remains unclear and it
requires further research to determine to what extent the sex affects acetabular development in MLII.
An increasing AI can lead to insufficient acetabular coverage with migration of the femoral head
and hence higher MI values. However, in MLII males with decreasing AI values, the MI increased
in the first years of life. This can be caused by a general anatomical disproportion of acetabular and
femoral structures in MLII patients. The tri-radiate cartilage of the acetabulum adheres to the three
bony pelvic parts: ilium, ischium, and pubis and grows by endochondral ossification. In healthy
children, it develops synchronized with the femoral head [28]. Severe disturbances of endochondral
ossification are known in MLII [24,29,30]. This can explain hypoplastic iliac bones with constriction of
the supra-acetabular portion and shortening of the acetabulum [6,11,31,32]. The acetabulum-femoral
head disproportion could lead to the false assumption of increasing hip lateralization and therefore
a growing rate of hip dislocations. However, the rate of disrupted Shenton’s lines remained stable.
Notably, no patient showed a high dislocation of the femoral head at the last assessment. The results
indicate that the pathology of MLII hip dysplasia is rather a short than steep acetabulum. This is in
line with other studies reporting horizontal acetabular roofs in MLII patients [29,32].
The abnormal pelvic and acetabular shape in MLII patients might induce biomechanical forces
on the femoral head leading to deformation, medial flattening and osteonecrosis-like changes of the
epiphysis of the proximal femur (Figure 5). Both in the MLII mouse model and in MLII humans, the
growth plate of the proximal femur is abnormally developed and widened due to lysosomal storage
accumulation in chondrocytes [33,34]. This could make the femoral head even more susceptible to
altered biomechanical forces.
Constriction of the femoral neck, which is present in almost half of the study patients (7/15) at the
last assessment, has been described before in MLII, but not in MPS [6,24,35]. In healthy children, the
three growth zones of the proximal femur, the longitudinal, trochanteric and isthmus plates, show
proliferative activity throughout growth. Hereby, the femoral neck isthmus broadens the femoral neck
laterally [28]. In MLII, a constricted femoral neck has been explained before by severe osteolysis [6].
However, growth disturbances in the three growth plates could also lead to a dysplastic, constricted
neck and coxa vara or valga deformity of the proximal femur [36]. Considering the progress of femoral
neck constriction over time, growth disturbances are more likely to be the cause.
Descriptions of varus and valgus deformities in MLII vary in the literature [6,12,26,37]. This might
be, due to the fact, that measurements in patients with femoral bowing can be challenging. Reliable
neck-shaft angle measurements depend on a standardized position of the lower extremities during
radiography, which is difficult in MLII patients, due to joint contractures. Furthermore, they require
2-dimensional imaging with a second, lateral view of the proximal femur. Hence, the neck-shaft angle
should be interpreted with caution.
Ultrasound findings in MLII patients were frequently misinterpreted as congenital hip dislocation,
which prompted false treatment decisions. This may be due to a high riding greater trochanter
as a result of femoral bowing or coxa vara, which can be mistaken for a lateralized femoral head.
Furthermore, a horizontal acetabular bony roof and contractures of the hip joints can limit ultrasound
visibility and lateral positioning of the patient for a standardized ultrasound examination. Ultrasounds
therefore must also be interpreted with caution. Plain radiograph may be considered before introducing
orthopedic measures, in order to help reduce unnecessary application of hip abduction braces.
This study has few limitations. The small number of patients is based on limited patient availability
with MLII being an orphan disease. A limiting factor of the retrospective study design is the absence
of a radiographic lateral frog-leg view of the hips, which is required for reliable analysis of the
neck-shaft angle.
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5. Conclusions
The present study proves distinct age-depended radiographic changes in MLII. Growth
disturbances of os ilium parts lead to short acetabular coverage with increasing hip migration.
However, although sex differences exist, the overall course of acetabular development does not result
in rapid hip dysplasia progression or secondary high hip dislocations.
Hip ultrasounds performed in the neonatal period excluded high rates of congenital hip pathologies.
An overriding greater trochanter was frequently misinterpreted as a dislocated femoral head, which
prompted unnecessary orthopedic measures. Hence, hip ultrasounds should be interpreted with
caution and radiographic assessment should be considered early. Better knowledge on hip morphology
in MLII could lead to earlier diagnosis, improved clinical management and enable assessment of effects
of upcoming therapies on the skeletal system. Further studies on the natural course of skeletal disease
in a larger number of patients are needed.
Author Contributions: L.S.A., E.O., N.M.M., S.P. and S.R.B. made substantial contributions to the study conception
and the data interpretation. L.S.A., E.O. and S.R.B. furthermore substantially contributed to the data acquisition
and the drafting of the manuscript. E.V. performed the statistical analysis. All authors revised the manuscript
critically foremost N.M.M., S.P., R.S. (René Santer), M.E.R.-G. and R.S. (Ralf Stuecker) who gave important
intellectual input. S.P. performed the editing of the manuscript. All authors have read and agreed to the published
version of the manuscript.
Funding: This research received no external funding.
Acknowledgments: The authors thank M.J. Kemper, G. Wiegand and K.M.E.J. Oberndorff for contributing clinical
information, ultrasound images and radiographs to the study.
Conflicts of Interest: The authors declare no conflict of interest.
References
1. Kollmann, K.; Pohl, S.; Marschner, K.; Encarnacao, M.; Sakwa, I.; Tiede, S.; Poorthuis, B.J.; Lubke, T.;
Muller-Loennies, S.; Storch, S.; et al. Mannose phosphorylation in health and disease. Eur. J. Cell Biol. 2010,
89, 117–123. [CrossRef]
2. Velho, R.V.; Harms, F.L.; Danyukova, T.; Ludwig, N.F.; Friez, M.J.; Cathey, S.S.; Filocamo, M.; Tappino, B.;
Gunes, N.; Tuysuz, B.; et al. The lysosomal storage disorders mucolipidosis type II, type III alpha/beta, and
type III gamma: Update on GNPTAB and GNPTG mutations. Hum. Mutat. 2019, 40, 842–864. [CrossRef]
3. Bargal, R.; Zeigler, M.; Abu-Libdeh, B.; Zuri, V.; Mandel, H.; Ben Neriah, Z.; Stewart, F.; Elcioglu, N.; Hindi, T.;
Le Merrer, M.; et al. When Mucolipidosis III meets Mucolipidosis II: GNPTA gene mutations in 24 patients.
Mol. Genet. Metab. 2006, 88, 359–363. [CrossRef]
4. Cathey, S.S.; Kudo, M.; Tiede, S.; Raas-Rothschild, A.; Braulke, T.; Beck, M.; Taylor, H.A.; Canfield, W.M.;
Leroy, J.G.; Neufeld, E.F.; et al. Molecular order in mucolipidosis II and III nomenclature. Am. J. Med. Genet.
A 2008, 146A, 512–513. [CrossRef] [PubMed]
5. Tiede, S.; Storch, S.; Lubke, T.; Henrissat, B.; Bargal, R.; Raas-Rothschild, A.; Braulke, T. Mucolipidosis II is
caused by mutations in GNPTA encoding the alpha/beta GlcNAc-1-phosphotransferase. Nat. Med. 2005, 11,
1109–1112. [CrossRef] [PubMed]
6. David-Vizcarra, G.; Briody, J.; Ault, J.; Fietz, M.; Fletcher, J.; Savarirayan, R.; Wilson, M.; McGill, J.;
Edwards, M.; Munns, C.; et al. The natural history and osteodystrophy of mucolipidosis types II and III. J.
Paediatr. Child Health 2010, 46, 316–322. [CrossRef] [PubMed]
7. Cathey, S.S.; Leroy, J.G.; Wood, T.; Eaves, K.; Simensen, R.J.; Kudo, M.; Stevenson, R.E.; Friez, M.J. Phenotype
and genotype in mucolipidoses II and III alpha/beta: A study of 61 probands. J. Med. Genet. 2010, 47, 38–48.
[CrossRef]
8. Leroy, J.G.; Sillence, D.; Wood, T.; Barnes, J.; Lebel, R.R.; Friez, M.J.; Stevenson, R.E.; Steet, R.; Cathey, S.S. A
novel intermediate mucolipidosis II/IIIalphabeta caused by GNPTAB mutation in the cytosolic N-terminal
domain. Eur. J. Hum. Genet. 2014, 22, 594–601. [CrossRef]
9. Leroy, J.G.; Cathey, S.S.; Friez, M.J. GNPTAB-Related Disorders. In GeneReviews®; Adam, M.P., Pagon, A.H.,
Eds.; University of Washington: Seattle, DC, USA, 2008; (Updated 2019).
J. Clin. Med. 2020, 9, 728 13 of 14
10. Leroy, J.G.; Demars, R.I. Mutant enzymatic and cytological phenotypes in cultured human fibroblasts. Science
1967, 157, 804–806. [CrossRef]
11. Spranger, J.W.; Wiedemann, H.R. The genetic mucolipidoses. Diagnosis and differential diagnosis.
Humangenetik 1970, 9, 113–139.
12. Patriquin, H.B.; Kaplan, P.; Kind, H.P.; Giedion, A. Neonatal mucolipidosis II (I-cell disease): Clinical and
radiologic features in three cases. AJR Am. J. Roentgenol. 1977, 129, 37–43. [CrossRef] [PubMed]
13. Taber, P.; Gyepes, M.T.; Philippart, M.; Ling, S. Roentgenographic manifestations of Leroy’s I-cell disease.
Am. J. Roentgenol. Radium Ther. Nucl. Med. 1973, 118, 213–221. [CrossRef] [PubMed]
14. Lai, L.M.; Lachman, R.S. Early characteristic radiographic changes in mucolipidosis II. Pediatric Radiol. 2016,
46, 1713–1720. [CrossRef] [PubMed]
15. Hefti, F. Kinderorthopädie in der Praxis, 1st ed.; Springer: Berlin, Germany, 1997; p. 173.
16. Reimers, J. The stability of the hip in children. A radiological study of the results of muscle surgery in
cerebral palsy. Acta Orthop. Scand Suppl. 1980, 184, 1–100. [CrossRef]
17. Tonnis, D. Normal values of the hip joint for the evaluation of X-rays in children and adults. Clin. Orthop.
Relat. Res. 1976, 119, 39–47.
18. Novais, E.N.; Pan, Z.; Autruong, P.T.; Meyers, M.L.; Chang, F.M. Normal Percentile Reference Curves and
Correlation of Acetabular Index and Acetabular Depth Ratio in Children. J. Pediatric Orthop. 2018, 38,
163–169. [CrossRef]
19. Tannast, M.; Hanke, M.S.; Zheng, G.; Steppacher, S.D.; Siebenrock, K.A. What are the radiographic reference
values for acetabular under- and overcoverage? Clin. Orthop. Relat. Res. 2015, 473, 1234–1246. [CrossRef]
20. Jones, D.H. Shenton’s line. J. Bone Jt. Surg. Br. 2010, 92, 1312–1315. [CrossRef]
21. Graf, R. Classification of hip joint dysplasia by means of sonography. Arch. Orthop. Trauma Surg. 1984, 102,
248–255. [CrossRef]
22. Kuznetsova, A.; Brockhoff, P.B.; Christensen, R.H.B. lmerTest Package: Tests in Linear Mixed Effects Models.
J. Stat. Softw. 2017, 82, 26. [CrossRef]
23. Alegra, T.; Sperb-Ludwig, F.; Guarany, N.R.; Ribeiro, E.M.; Lourenco, C.M.; Kim, C.A.; Valadares, E.R.;
Galera, M.F.; Acosta, A.X.; Horovitz, D.D.G.; et al. Clinical Characterization of Mucolipidoses II and III: A
Multicenter Study. J. Pediatric Genet. 2019, 8, 198–204. [CrossRef] [PubMed]
24. Blank, E.; Linder, D. I-cell disease (mucolipidosis II): A lysosomopathy. Pediatrics 1974, 54, 797–805. [PubMed]
25. Okada, S.; Owada, M.; Sakiyama, T.; Yutaka, T.; Ogawa, M. I-cell disease: Clinical studies of 21 Japanese
cases. Clin. Genet. 1985, 28, 207–215. [CrossRef] [PubMed]
26. Terashima, Y.; Tsuda, K.; Isomura, S.; Sugiura, Y.; Nogami, H. I-cell disease. Report of three cases. Am. J. Dis.
Child 1975, 129, 1083–1090. [CrossRef] [PubMed]
27. Yamamuro, T.; Ishida, K. Recent advances in the prevention, early diagnosis, and treatment of congenital
dislocation of the hip in Japan. Clin. Orthop. Relat. Res. 1984, 184, 34–40. [CrossRef]
28. Siffert, R.S. Patterns of deformity of the developing hip. Clin. Orthop. Relat. Res. 1981, 14–29. [CrossRef]
29. Leroy, J.G.; Martin, J.J. Mucolipidosis II (I-cell disease): Present status of knowledge. Birth Defects Orig. Artic.
Ser. 1975, 11, 283–293.
30. Martin, J.J.; Leroy, J.G.; Farriaux, J.P.; Fontaine, G.; Desnick, R.J.; Cabello, A. I-cell disease (mucolipidosis II):
A report on its pathology. Acta Neuropathol. 1975, 33, 285–305. [CrossRef]
31. Pazzaglia, U.E.; Beluffi, G.; Castello, A.; Coci, A.; Zatti, G. Bone changes of mucolipidosis II at different ages.
Postmortem study of three cases. Clin. Orthop. Relat. Res. 1992, 276, 283–290.
32. Spritz, R.A.; Doughty, R.A.; Spackman, T.J.; Murane, M.J.; Coates, P.M.; Koldovsky, O.; Zackai, E.H. Neonatal
presentation of I-cell disease. J. Pediatric 1978, 93, 954–958. [CrossRef]
33. Kollmann, K.; Pestka, J.M.; Kuhn, S.C.; Schone, E.; Schweizer, M.; Karkmann, K.; Otomo, T.; Catala-Lehnen, P.;
Failla, A.V.; Marshall, R.P.; et al. Decreased bone formation and increased osteoclastogenesis cause bone loss
in mucolipidosis II. EMBO Mol. Med. 2013, 5, 1871–1886. [CrossRef] [PubMed]
34. Marschner, K.; Kollmann, K.; Schweizer, M.; Braulke, T.; Pohl, S. A key enzyme in the biogenesis of lysosomes
is a protease that regulates cholesterol metabolism. Science 2011, 333, 87–90. [CrossRef] [PubMed]
35. Gordon, N. I-cell disease–mucolipidosis II. Postgrad Med. J. 1973, 49, 359–361. [CrossRef] [PubMed]
J. Clin. Med. 2020, 9, 728 14 of 14
36. Lee, M.C.; Eberson, C.P. Growth and development of the child’s hip. Orthop. Clin. N. Am. 2006, 37, 119–132.
[CrossRef] [PubMed]
37. Pazzaglia, U.E.; Beluffi, G.; Campbell, J.B.; Bianchi, E.; Colavita, N.; Diard, F.; Gugliantini, P.; Hirche, U.;
Kozlowski, K.; Marchi, A.; et al. Mucolipidosis II: Correlation between radiological features and
histopathology of the bones. Pediatric Radiol. 1989, 19, 406–413. [CrossRef]
© 2020 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
article distributed under the terms and conditions of the Creative Commons Attribution
(CC BY) license (http://creativecommons.org/licenses/by/4.0/).
